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Introduction

The National Renewable Energy Laboratory (NREL) and National Institute of Solar Energy (NISE),
located in the United States and India, respectively, have partnered to deploy and monitor modules of
three different thin film technologies, to compare the performance and/or degradation between the two
sites. The modules, shown in Figure 1, are deployed at a fixed latitude tilt at NREL, and on a manual dual
axis tracker at NISE. At each site there are two modules each of CIGS, CdTe, and Micromorph
(amorphous and microcrystalline silicon) technologies. The modules are listed in Table 1; all were
purchased new from their manufacturers in 2012 and 2013.

Table 1. Thin Film Module Details

Module Rated Power Identifier
Technology (W) NREL NISE
CIGS 125 CIGS26  CIGS798
CIGS 125 CIGS27 CIGS803
CdTe 80 CdTe30 CdTe210
CdTe 80 CdTe31 CdTe437
Micromorph 125 Micro28 Micro939
Micromorph 130 Micro29 Micro209

Prior to recording baseline I-V curves at NREL and NISE, the CIGS and CdTe modules were
preconditioned using techniques that are recommended for these technologies. The micromorph modules
were not preconditioned. STC power ratings for each module after preconditioning, as found using indoor
flash testing, and during outdoor deployment, are listed in Table 2.

Plane-of-array irradiance and module temperature, as well as the module level DC I-V curves, were then
recorded for over a year at each site, starting in November, 2013 at NREL and December, 2013 at NISE.
Operating conditions and module level I-V curves were recorded continuously during daylight hours,
every 5 minutes at NREL, while NISE employed a portable I-V curve tracer that was rotated between the
systems on a regular basis. While not connected to the curve tracer, modules at NISE were kept under
resistive load; this practice commenced in October, 2014. Irradiance at NISE was measured using a
monocrystalline reference cell and module temperature was measured with an RTD element that is part
of the I-V curve tracer. NREL’s irradiance was measured using a thermopile pyranometer and each
module’s temperature measurements came from a designated film thermocouple.

This report includes three sections, analyzing a single year of performance data (May 2014 — April/May
2015) for the three thin film technologies. In the first section, the modules’ observed performance is
compared on a monthly basis, as well as to the datasheet values under standard test conditions (STC —
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1000 W/m? and 25°C). Most modules are found to slightly underperform their STC rated power, with a
variation of approximately 2-10% over the year. This observation is further explored in the second section,
where module fill factors at NREL are presented varying season, light level, and temperature. The third
section documents each module’s performance ratio, quantifying the effect of temperature for the three
different thin film technologies relative to both the name plate and measured module ratings. Of the
modules in this study, we see that the CdTe modules perform similarly and consistently at both the NREL
and NISE sites, while micromorph performs better during the warmer summertime months at NREL and
CIGS performs better during the rainy winter months at NISE.

Module Performance Metrics
Standard Test Conditions (STC)

Figure 2 shows the outdoor monthly STC power ratings for each of the thin film modules, normalized to
their nameplate rating. There are no data for October, 2014 at NISE due to a system malfunction. The
power ratings are calculated as follows, for each month:

e Filter data by irradiance — 950-1050 W/m? (NREL) and 800-1050 W/m? (NISE). A stability filter is
applied to make sure that the irradiance is not changing by more than 2% between 5 minute [-V curve
trace intervals at NREL,; this step was not necessary at NISE because data were taken only under stable
conditions.

e Scale the maximum power (Pmp) to 1000 W/m?, linear-by-irradiance.

e Filter module temperatures below 25°C and then outliers (points outside of an initial linear least
squares fit of all of the remaining power vs. temperature data, +/- 2%).

e Use datasheet temperature coefficients for each module to scale each power measurement to 25°C.

e (alculate the mean STC power.

There are several interesting things to note from Figure 2. With regard to the CdTe modules, one can see
that CdTe31 exhibits a decline in performance starting in or around January, 2015. Visual inspection of
the module shows a crack, which may have been a result of a nick to the edge of the module. The crack
may account for the decline in performance. Module CdTe437 at NISE also shows a decline in
performance starting in April, 2015, but has no visible defects. = The CIGS modules at both sites show
seasonal variation; the power rating for all four modules increases by 5-10% in the winter months, possibly
due to spectral effects or seasonal annealing. While the CIGS modules at NISE show similar performance
to one another over the year, at NREL CIGS27 clearly underperforms CIGS26 each month. Though the
two modules have the same datasheet rated power, NREL’s pre-deployment I-V curve reports show that
CIGS26 has always performed slightly better than CIGS27 (Table 2), and visual inspection of the modules
shows delamination on CIGS27 after one year of data collection. Finally, the micromorph modules’
monthly rated power varies by 5-10% month-to-month at both sites, with a clear pattern of higher power
production in the summer and fall months for all modules. This seasonal variation, which has also been
reported in other literature including [1,2], indicates a need to calculate energy ratings and temperature
coefficients over monthly or seasonal time periods, rather than on an annual basis, for these modules.
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Normalized Meodule Monthly Power Ratings (STC)
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Figure 2. Thin film modules' monthly calculated STC power ratings, normalized to nameplate values, at
NREL (top) and NISE (bottom); the majority of modules underperform by 5% or more at NREL, but closer
to their STC ratings at NISE.

In Figure 2, it appears that May is a typical month for performance for each of the modules. Therefore,
we compare the calculated STC power rating for May of 2014 (5 months after the modules were deployed
in the field) to those found on each module’s datasheet, as well as the STC power recorded pre-deployment
(after preconditioning) for each module, indoors and outdoors (see Table 2). Interestingly, most deployed
modules at NISE slightly overperform their pre-deployment power measurements, while the opposite is
true for the modules at NREL; this could be due to differences in equipment or methodologies between
the two sites, such as simulator spectrum, corrections, or calibration.
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Table 2. Thin Film Module Performance and Temperature Coefficients at STC

Datasheet Pmax
STC power (W) .
Temperature Coefficient
Datasheet Pre-Deployment Outdoor (%/deg C)
Oct. (2013)  May (2014)

CIGS 26 121-125 120.4

CIGS 27 125 116-121 112.1 -0.34%

CIGS 798 115-120 113.3

CIGS 803 114-122 111.4

CdTe 30 84-89 75.6

Cdle3l 85-89 75.5 0.25%
CdTe 210 62-76 78.4

CdTe 437 65-79 79.2

Micro 28 125 132-146 117.1

Mlcro 29 130 133-149 118.9 -0.24%
Micro 209 130 117-122 123.4
Micro 939 125 112-116 117.2

Outdoor measurements in 2014 indicate that the micromorph modules are underperforming their datasheet
STC power rating by 6-9% at NREL, and by 5-6% at NISE. CdTe modules at NREL also underperform
by 5-6%, while at NISE they are very close to their datasheet values. The CIGS modules at both sites
underperform by 4-11%. Many of these numbers fall outside of the datasheets’ specified binning bounds
(which allow modules to underperform by 2-5%), but most are within the standard “90% performance at
10 years” warranty tolerances. The observed STC performance of each module could be determined with
better accuracy by using observed, rather than datasheet, performance temperature coefficients; this may
be an area for future investigation.

NREL Seasonal Fill Factors

It is also useful to examine the seasonal fill factors of the three different thin film technologies as they
vary with temperature and available irradiance. The NREL data are ideal for this type of investigation,
as they are taken continuously with a plentiful supply of both high and low irradiance data; a similar
investigation may be appropriate later at NISE once more seasonal data are collected. In this section, high
irradiance data are those recorded around 1000 W/m?, and low irradiance data are recorded around 500
W/m?, both +/- 5%. “Summer” months are June-September, while “winter”” months are December-March.

Figure 3 shows the fill factor for the NREL CdTe modules. One can see that they exhibit a higher fill
factor both with lower temperature and with lower irradiance, with variance of approximately 2%
attributed to each. The fill factor difference with irradiance for the CdTe modules is driven by voltage;
the ratio of maximum power point voltage to open circuit voltage decreases with irradiance for these
particular modules. This effect has been previously observed in the field for other CdTe modules and is
attributed to series resistance [5]. In contrast, the CIGS modules (Figure 4) have a higher fill factor under
high irradiance operating conditions, and also with lower temperatures. In this case, the driver is the
current; the ratio of maximum power point current to short circuit current is higher under the high
irradiance conditions, implying that reduction in fill factor because of shunting is more important than
series resistance for these modules.
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Seasonal Fill Factor vs Temperature for CdTe Modules
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Figure 3. Seasonal fill factors at high (1000 W/m?) and low (500 W/m?) light levels for NREL CdTe
modules, showing the effects of season, light, and temperature on their performance. Winter data from
cdte31 are excluded due to previously mentioned module cracking.
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Figure 4. Seasonal fill factors at high (1000 W/m?) and low (500 W/m?) light levels for NREL CIGS modules,
showing the effects of season, light, and temperature on their performance.

Finally, the micromorph modules’ fill factors (Figure 5) increase by 2-3% in the summer months, which
is attributed mostly to an increase in the ratio of maximum power point current to short circuit current
during these months, a commonly-seen result of thermal annealing in amorphous silicon modules [2], as
well as potential spectral effects [1]. Micromorph fill factors increase by a similar amount with lower
temperatures and lower light. When the size of the metastability is similar to the size of the effect of
temperature (as in this case), the concept of a temperature coefficient becomes poorly defined. Light-
induced degradation and annealing to reverse the degradation have been well studied and complicate the
analysis of performance of micromorph cells as a function of location, especially because the details of
the degradation and recovery depend on the structure of the cells.
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Seasonal Fill Factor vs Temperature for Micromorph Modules
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Figure 5. Seasonal fill factors at high (1000 W/m?) and low (500 W/m?) light levels for NREL Micromorph
modules, showing the effects of season, light, and temperature on their performance.

Energy Production

Energy production is analyzed by examining monthly performance ratios [6] for each module at both the
NREL and NISE sites. The performance ratio is a dimensionless term that indicates a PV system’s
production, normalized to both system size and available radiation over a period of time. In the equation
below, E is the total system (or module) energy output over a given time interval, G is the reference
irradiance (1000 W/m?), Py is the system’s reference output under STC, and H is the total available
insolation over the time interval to be considered.

_E*G
~ Py*xH

PR

Performance ratios for PV are typically calculated from continuously recorded performance data, which
at the time of this report are not yet available from NISE. It is important to note here that the intermittent
recording of data at NISE for each technology from 2014-2015 may bias the performance ratio results.

The ratios are first calculated using the modules’ nameplate ratings for STC power (Figure 6). In an initial
evaluation of the NREL modules, one can see that the CdTe modules perform similarly until October,
then in November they diverge. This is an anomaly — CdTe30 had snow on it for 2 extra days as compared
to CdTe31 according to the performance data. The effects of the crack on CdTe31 apparently begin to
appear in late December. The CIGS modules have a ~7-8% difference in performance ratio from one
another for all months. This is most likely a nameplate issue; as noted in Table 2, CIGS27 underperforms
significantly. Using the datasheet nameplate ratings for calculation of performance ratios reflects the
consistency of the module manufacturing process, which is desirable in some scenarios, but may make it
more difficult to directly compare performance on the basis of technology alone.

Monthly performance ratios at NISE show the CdTe modules initially slightly outperform the other
technologies, relative to their nameplate values. As at NREL, the NISE CIGS modules perform relatively
worse in the summer and better in the winter months, while the micromorph modules show the opposite
seasonal behavior. Each technology’s module pair at NISE appears to be well matched in performance
relative to their datasheet nameplate ratings. Overall the performance ratios are slightly higher at NISE
than NREL, relative to nameplate ratings. This may be due to differences in data collection methodologies.
For example, at NISE measurements were taken on a manual two-axis tracker on which measurements
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are exclusively taken at normal incidence, and NISE uses a silicon reference cell for irradiance
measurements, which could give slightly different results relative to the thermopile pyranometer employed
at NREL. Another important difference is the continuous data collection at NREL versus intermittent
measurement at NISE.

Monthly Performance Ratio for NREL Thin Film Modules
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Figure 6. Monthly performance ratios for thin film modules at NREL (top) and NISE (bottom) calculated
using module nameplate ratings.

Figure 7 shows the results when the performance ratios are calculated using each module’s individual
observed STC power from May, 2014 (Table 2). Though performance ratios for PV systems are usually
<1, these are ratios for DC energy for single modules — the ratios do not include inverter losses or other
losses commonly seen at the PV system level (mismatch, etc.), where performance ratios are often
calculated. One can see that modules of each technology now have similar performance ratios to one
another both at NREL and NISE. Use of the observed STC power in performance ratio calculation better
reflects the performance of the technology, making it more straightforward to compare multiple products.
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Monthly Performance Ratio for NREL Thin Film Modules
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Figure 7. Monthly performance ratios for thin film modules calculated using observed STC module
performance at NREL (top) and NISE (bottom); the three technologies show different site-specific
performance ratio trends relative to one another.

Generally speaking, one expects to see performance ratios that are higher in the winter than in the summer,
accounting for temperature effects [6]. This is the case for the CIGS modules at both sites. However, at
NREL and NISE, we see higher performance ratios in the summer for micromorph. The higher values
reflect higher currents, which is likely to be a spectral effect; the spectral effect may dominate because of
the relatively small performance temperature coefficient for this technology’s modules. The higher
summertime performance ratio for the NREL micromorph modules is also caused by their higher
summertime fill factor (Figure 5); this may be the case at NISE as well. The CdTe modules have a fairly
constant performance ratio at both sites, though as previously mentioned, module CdTe31 developed a
crack, and one can clearly see the effects of this damage from January-March in the drop in performance
ratio for this module. Additionally there are several days with wintertime snow on the NREL modules
(November-March), which accounts for their slightly lower relative performance during these months.

Figure 7 also shows some interesting site-specific differences in the thin film technologies’ performance
ratios relative to one another, even though each site’s annual patterns for the individual technologies are
similar. At NREL, the CIGS modules have a much lower summertime performance ratio relative to the
other technologies, while at NISE the summertime performance ratios of all three technologies are
comparable. Then in the winter months (which are the rainy season at NISE) one sees an advantage for
CIGS relative to the other technologies at NISE, while CIGS and CdTe are similar to one another at NREL.
These observed effects may be attributed to different weather patterns at the two sites, but could also be
partly due to the limited available data at NISE, which may or may not be representative of each month’s
actual operating conditions.
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Calculation of monthly performance ratios, and examination of the modules’ relevant performance metrics
such as fill factor, allow us to see that of the three thin film modules in this report, the CdTe module
performance appears most similar between the two sites. The micromorph modules may also be more
advantageous in NREL’s climate than at NISE, while CIGS appears better at NISE than at NREL (based
on observed performance ratio), but one would need to further examine the seasonal effects with
continuous data monitoring at NISE to see if the performance ratios calculated here are truly representative
of the site conditions. It is important to note that the results described here apply only to these particular
modules, and that in general, differences in active material formulations within a given material system
could offer different advantages and disadvantages in various climates.

Summary and Future Work

This report focuses on evaluation of the measured performance data for twelve thin film modules of three
technology types (CdTe, CIGS, and Micromorph) over a period of one year, located in Golden, Colorado
and Gurgaon, India. While some of the modules were found to underperform slightly compared to their
datasheets’ listed power ratings at STC, all but two are within warranty specifications. Their monthly
performance normalized to STC power ratings varies by as much as 10% over the course of the year. This
effect was further examined by looking at fill factor trends among the modules of different technologies
at NREL, noting that they vary with light, temperature, and season in different ways. Of the modules in
this study, we see that the CdTe modules perform consistently at both the NREL and NISE sites, while
micromorph performs better during the warmer summertime months at NREL and CIGS performs better
during the rainy winter months at NISE. While these limited results cannot be generalized to entire PV
technologies (modules of the same technology may have different temperature coefficients and/or fill
factor variance), the methods described herein are a good basis for evaluation and comparison of modules
for a particular site or climate. Future work with these modules should include examination of degradation
as the modules continue to be monitored over a period of years. It may also be interesting to perform
further comparison of module characteristics and performance metrics, such as temperature coefficients
and fill factor, with the availability of more data.
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